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Abstract

We study the relationship between volatility and liquidity in the market for
on-the-run Treasury securities using a novel framework for quantifying price
impact. We show that at times of relatively low volatility, marginal trades that
go with the flow of existing trades tend to have a smaller price impact than
trades that go against the flow. However, this difference tends to diminish at
times of high volatility, indicating that the perceived information content of
going against the flow is less when volatility is high. We also show that market
participants executing trades aggressively using market orders will experience
larger increases in price impact than those executing trades passively using limit
orders as volatility increases. And times of low market depth are associated with
increased risk of high price impact and high sensitivity to volatility in future,
perhaps because liquidity is more reliant on high-speed quote replenishment
and is therefore more fragile.
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1 Introduction

Understanding liquidity conditions in the market for on-the-run U.S. Treasury se-
curities is important to market participants and policymakers alike because of the
important role the market plays in the financial system. It is well known that lig-
uidity in the Treasury market tends to be inversely related to interest rate volatility.
At times of high volatility, the risks to market makers associated with adverse price
movements are high, so market makers will tend to provide less liquidity and charge
more for the liquidity they provide. In this paper, we deepen this existing under-
standing of how volatility and liquidity are related in three ways. First, we show
that the strength of the perceived signal from trading against the existing trade flow
for the future direction of prices tends to diminish as volatility increases. Second,
we show that the extent to which market participants experience a deterioration
in liquidity as volatility increases will depend on the strategies they use to execute
trades. And third, we show that the sensitivity of liquidity to volatility tends to
be higher when liquidity is lower, with the probability of entering a low-liquidity /
high-sensitivity state depending on the willingness of market makers to post quotes
in large volumes.

These conclusions are based on a model of the impact of trades and orders on
prices. In an illiquid market, trades and orders have larger price impact. Our novel
framework for estimating price impact allows us to consider several important di-
mensions of liquidity on the central limit order book (CLOB) platforms that account
for a large share of trading in on-the-run Treasury securities. A CLOB consists of
bid and ask queues of “limit orders” (that is, quotes) to buy or sell specified quanti-
ties of securities, respectively, with the best bid price being below the best ask price.
An important aspect of CLOB-based trading that matters for the price impact of
executing trades is that market participants have choices about how to execute. One
option is to consume liquidity on the CLOB by submitting “market orders” to buy
or sell specified quantities of a security at the best available quoted prices; equiv-

alently, they can submit limit orders that “cross the spread,” that is, with prices



such that they can be immediately matched with other limit orders resting on the
other side of the order book. We term market orders and limit orders that cross the
spread “marketable orders.” Conditional on liquidity providers having posted suffi-
cient quotes to the other side of the order book, marketable orders will immediately
become trades and therefore provide fast and guaranteed execution. A second option
is to execute trades by providing liquidity, that is, by posting additional limit orders
with prices such that they cannot be immediately matched, in the anticipation that
the orders will be matched to marketable orders placed by other market participants
later. Executing a trade using such “non-marketable” orders may be cheaper than
using marketable orders because it avoids paying the bid-ask spread but comes at
the risk that the order will not be matched quickly (or at all)[T] Another dimension
of an execution strategy that matters for the price impact of a large “parent order”
is how the market participant splits it into smaller “child orders” spread over time
to lower the overall price impact.

To allow us to examine how these dimensions of execution strategies affect price
impact, our model specification permits trade flow imbalances and non-marketable
order flow imbalances to have different effects on prices and to affect prices non-
linearly, unlike in the majority of previous studies. The regression-based approach
was first established by |Kyle| (1985), although our specific implementation is close in
spirit to |Adrian et al. (2023)), in that we estimate price impact separately on a day-
by-day basis based on higher-frequency observations. Inclusion of non-marketable
order flow imbalance is important because of previous evidence that order flow im-
balance is superior to trade flow imbalance in explaining price changes (see, for
example, |Cont et al. (2014))E| Indeed, we confirm that a model that ignores non-
marketable order flow imbalance would be mis-specified. We also show that it would
be inappropriate to assume identical effects to marketable and non-marketable or-

der flow imbalances, as is often done when order flow is considered in models of

'In practice, a sophisticated execution strategy may use a mixture of marketable and non-
marketable orders (see, for example, Moro et al.| (2009))).

2The results of |Cont et al.| (2014) were subsequently extended by [Xu et al.| (2018)) and |Cont
et al.| (2021)) to incorporate order flow imbalance at multiple levels of the CLOB.



price impact. We further show that trade flow and net non-marketable order flow
imbalances both tend to affect prices sublinearly, that is, the power coefficients on
both flow imbalances are less than unity. Theoretical justification for sublinearity is
provided by |[Farmer et al.| (2013), who develop a game-theoretic model of an algo-
rithmic execution service with agents endowed with varying information; with this
framework, the price impact of parent orders scales sublinearly with size. Sublinear-
ity is also consistent with previous empirical evidence (see Bouchaud et al. (2009))
for a review). We show that the degree of sublinearity tends to diminish as volatility
increases, which we argue is consistent with the perceived information content of
orders that go against the existing flow being less at times of high volatility.

Armed with this model of price impact, we next turn to the question of how
volatility affects the price impact of alternative execution strategies. We start with a
baseline strategy under which a parent order is executed using market orders spread
across the course of a single trading day using a “volume-weighted average price”
(VWAP) strategy—that is, the parent order is spread in proportion to aggregate
trade volume in each 1-minute time interval. This benchmark seems reasonable
for various reasons. [Pham et al.| (2020) demonstrate that spreading large parent
orders over time yields considerable savings in terms of price impact. [Fraenkle et al.
(2011) demonstrate the optimality of VWAP execution, while Frei and Westray
(2015) argue that market participants consider it to be a fair execution benchmark,
and Moro et al.| (2009) provide evidence from equity markets that parent orders
appear to be split across time in line with the overall market activityﬁ Using this
baseline strategy, we reaffirm previous results that price impact is positively related
to interest rate volatility (see, for example,|Cont and Bouchaud (2000), Farmer et al.
(2004)) and |Chordia et al.| (2005a))).

By varying the details of the execution algorithm, we document several new find-
ings about the importance of execution strategy and how it relates to interest rate

volatility. Of particular note, price impact is generally greater for aggressive exe-

3While it is not straightforward to achieve VWAP execution because it requires an accurate
forecast of the share of each intraday period in aggregate trading volume, |Bialkowski et al.[ (2008)
suggest such a model.



cution using marketable orders than for passive orders using non-marketable limit
orders, confirming that the previous findings of Hautsch and Huang (2012b) and
Brogaard et al.| (2019) for the equity market also apply to the Treasury marketﬁ
We show that the volatility of interest rates is a key factor driving the differences
between the price impacts of aggressive and passive execution strategies: As volatil-
ity increases, the price impact of aggressive execution increases relatively quickly,
likely because of the greater value of certainty about execution time in volatile mar-
kets. We also show that a relatively unsophisticated investor that spreads execution
evenly over time rather than in proportion to aggregate volumes will experience rel-
atively high price impact. Perhaps surprisingly, the benefits of more sophisticated
execution tend to diminish at times of high interest rate volatility; a plausible expla-
nation is that the relatively high information content of small order flows tends to
diminish at times of high volatility. Finally, we show that the price impacts of alter-
native execution strategies are strongly positively correlated over time, suggesting
that for many purposes we would not obtain misleading inferences about the overall
dynamics of market liquidity by focusing on our baseline execution strategy.

We next examine how the level of price impact and its sensitivity to volatility
relate to another popular liquidity measure, the total amount of quotes at the best
prices resting on the order book, known as “market depth.” In principle, market
depth at the top of the book captures the volume of market orders that can be
executed instantaneously without moving prices, so intuitively should be related to
price impact. However, market depth has only limited value as a proxy for price
impact because the large majority of willingness to post quotes is unobserved. As
mentioned above, when a market participant wishes to execute a large parent order,
rather than exhausting all available quotes at the best prices, they will typically split
it into a number of smaller child orders, each of which are matched with a portion of
the posted quotes, which are then quickly replenished (see, for example, [Moro et al.

(2009)). And because market participants adapt to changing market environments,

“Bikker et al.|(2007) have also previously argued that there is a trade-off between the speed of
execution and the associated price impact.



a deterioration in depth may not translate perfectly and immediately into higher
price impact. Specifically, in response to lower depth, market participants may
reduce the size of their child orders to avoid trading through multiple levels of
the bookﬂ In an analogous manner, if quotes at the best prices are temporarily
exhausted, market participants tend to avoid executing at relatively unattractive
prices and instead wait for quotes at better prices to be replenished, as shown by
Dobrev and Meldrum| (2020)). These adaptions can mitigate the increase in price
impact in the face of falling depth. While price impact and depth are negatively
correlated, price impact tends to recover faster following an increase in volatility,
suggesting that trading patterns quickly adapt to a lower level of depthﬁ

To better understand how the sensitivity of price impact to volatility varies over
time, we estimate a three-state hidden Markov model (HMM) in which price impact
is increasingly sensitive as we move from “good-liquidity” state, through a “medium-
liquidity” state to a “bad-liquidity” state. Our approach is related to that of Flood
et al. (2016), who link liquidity states identified using an HMM to observed eco-
nomic variables. We extend their modeling framework by integrating explanatory
variables directly into the HMM. Specifically, we allow the probabilities of transi-
tioning between the states to depend on market depth. We show that while periods
of low depth are not always associated with high price impact contemporaneously,
low depth does appear to raise the probability of price impact being high and more
sensitive to volatility—that is, low depth makes liquidity more fragile. This find-
ing has an intuitive interpretation: the lower depth is, the more rapidly it must be
replenished to support a given flow of market orders without moving prices sub-
stantially. If a shock makes the high-frequency trading firms who replenish quotes

relatively quickly less willing to engage in that activity, or causes trading volumes

SHautsch and Huang| (2012a)) and [Hautsch and Huang] (2012b)), among others, show that orders
potentially trading through multiple levels of the book tend to be shunned by market participants.

5Given our study of the relationship between price impact and market depth, our paper is
related to those that examine the signals from multiple measures of liquidity. While one strand of
the related literature has shown that various liquidity measures contain much common information
(e.g. |Chordia et al.| (2000)), [Chordia et al. (2003))), |[Nees et al.| (2008), and [Korajczyk and Sadkal
(2008)), several other studies have focused more on the different signals from different liquidity
measures, as we do.



that overwhelm the replenishment of quotes, then incoming order flow may start
to have a greater impact on prices (see |Board of Governors of the Federal Reserve
System| (2020)).

Our study is related to Hautsch and Huang (2012al), who show a link between
price impact and depth in that the price impact of a limit order depends on how deep
in the CLOB it rests. The results of Nguyen et al.| (2020) and |Aronovich et al.| (2021)
similarly point to a rich dependence structure between liquidity, volume, and depth.
Nguyen et al. (2020)) develop a model for the interaction of liquidity and volatility at
high-frequencies; they find that market depth and trading volume significantly affect
intraday volatility. Our study complements these previous findings at a trading-day
time scale, in that our HMM estimates show that lower market depth leads to states
characterized by higher price impacts of trade flows and, thus, all else equal, greater
volatility. Other relevant previous studies include (Chollete et al.| (2007), who argue
that there can be major disagreements between liquidity measures, especially during
stress events. In addition, Fraenkle et al. (2011)) allow the slope and intercept in
price impact regressions to depend on explanatory variables such as trading volume
and volatility, which highlights how other liquidity measures can directly affect price
impact, but they do not consider market depth.

The remainder of this paper proceeds as follows. In Section [2| we set out our
model for estimating price impact, discuss evidence of nonlinearities in trade and
non-marketable order flow imbalances, and explain how these nonlinearities relate
to interest rate volatility. In Section [3] we explore how price impact depends on
execution strategy and how this relates to interest rate volatility. In Section [ we
analyze how the level of price impact and its sensitivity to volatility depend on

market depth. In Section [5 we offer some concluding remarks.



2 Sublinearity of Price Impact

2.1 Model of Price Impact

Our measure of price impact is based on a model relating returns to net trade and

non-marketable order flows. The model takes the form:

re—1t = Bmsign (TFy_1,4) [TFi—1,4]™

(1)

+ Bnsign (INMOF_14) INMOF 1 4|™ + &.
where t = 0,...,T are the boundaries of one-minute intraday periods, which to-
gether form a partition of the studied trading day; T'F;_1; is the trade flow imbal-
ance, measured as the difference between buyer- and seller-initiated trade volumes
between ¢ — 1 and ¢; NMOF;_;; is the non-marketable order flow imbalance, mea-

sured as order flow imbalance as calculated in |Cont et al.| (2014) between ¢ —1 and ¢,

P—P;

less the effect of trades, which are accounted for in trade ﬂow and r—1; = o

is the simple return based on changes in mid-quoted prices between ¢ — 1 and ¢
(P,—1 and P, respectively). The inclusion of both trade flow and non-marketable
order flow as explanatory variables, with different impacts on prices, is motivated
by the results of |[Brogaard et al.| (2019), who show that in equity markets market
orders individually have greater price impact than limit orders, but that limit orders
contribute more to price discovery overall. The feature that the effects of trade flow
and non-marketable order flow are nonlinear is motivated by the review in [Bouchaud
et al. (2009), and, in particular, the asymmetric liquidity hypothesis of Lillo and
Farmer| (2004) and [Farmer et al. (2006). These studies reconcile the fact that the
direction of order flow imbalances displays long memory with market efficiency: an
order has a smaller price impact when following another order in the same direction.

We estimate the model in equation for the 10-year on-the-run Treasury Note

"Specifically, ~ NMOF;_1, = OFI;_1y — TFi—1:,  where OFILi_1, =
N(t < s Kl
S oiyan [Gh T (Ph > Ph_y) —gh i1 (Ph < Phoy) — gl (P < Pioy) + giad (P = Pioy)]s

N (t) is the index of the last order book event—a market order, limit order, or cancellation—of
the period between ¢t — 1 and ¢; ¢% and ¢3 are the sizes of the queue at the best bid price, P2, and
ask price, P, respectively, at event n; and I (.) is an indicator function taking the value 1 when
the argument is true and 0 otherwise.



using nonlinear least squares separately for each day between March 1, 2014 and
March 31, 2023. We omit days with shortened trading hours, leaving a total of
2,215 days. We consider only the most active trading hours, between 7 a.m. and
4.45 p.m., giving a maximum of 585 one-minute observations per trading day. For
model estimation purposes we retain only intraday periods with at least one trade.
We also constrain the values of 7, to be below 1.8, which avoids extreme estimates
of this parameter on a small proportion (less than 1 percent) of days.

Figure [1| shows histograms of the daily parameter estimates. The upper-left
and lower-left panels show estimates of the slope coefficients on trade flow and non-
marketable order flow, that is, 5,, and (,, respectively. The estimates of 3,, are
generally larger than those of 3, which is consistent with trade flow having a larger
price impact than the same non-marketable order flow. The upper-right and lower-
right panels show estimates of the nonlinearity coefficients -, and -,, respectively.
Both coefficients are less than one on the large majority of trading days (83 percent
and 84 percent, respectively), implying that price impact is sublinear. Based on
likelihood ratio tests, we reject the null of linearity at the 5 percent significance

level on 66 percent of days.

2.2 Understanding Sublinearity

The price impact of a marginal trade flow x; and non-marketable order flow

between times ¢t — 1 and ¢ is given by

O (xi-1,,Yt-1); 14 = INPI (ze-1,4, p4—14) — NPI(0,0)], (2)

where

NPI (xi—14,yt—-1,t) = Bmsign (TFi—14 + xe—1,4) [TFr—1¢ + e—14]™ 3

In .

?

+Bnsign (NMOF;_1 4+ yi—1,4) [INMOF;_14 + yi—1,4

is the conditional mean of the simple return given the existing TF;_1; and NMOF;_1,

and the contributions to flows from an additional x;_1; in marketable orders and



Figure 1: Estimates of Nonlinearity Parameters for Price Impact

The panels show histograms of the daily estimates of the parameters from equation between
March 1, 2014 and March 31, 2023. Histograms for 8, and (3., in the top and bottom left panels,
respectively, use bin widths of 0.01. Histograms for ~,, and -, in the top and bottom right panels,

respectively, use bin widths of 0.1.

B,
Number of days

Tm
Nunber of days

1000 1000
750 {750
500 1500
250 1250
0 0. 05 0.1 0.15 0.% 0 20
B, Tn
Nu'nber o'f days 1000 Nu!nber o'f days 1000
] 750 _—E {750
500 1500
a 250 1250
0 0. 05 0.1 0. 15 0.% 0 0.5 1 1.5 20

Sources: Repo Inter Dealer Broker Community; authors’ calculations.

10



Y¢—1,t in non-marketable orders.
Figure[2shows a stylized depiction of the relationship between the marginal trade

. . . .. O(xt—1,:,0),
flow, x;—1,, on the horizontal axis and its per-dollar price impact, TJ“

, on
the vertical axis, for various values of existing trade flow imbalance T'F';_1 ; and with
Bm set equal to one. The case of a linear model—that is, with v, = 1—is shown by
the dashed line; in this case, the per-dollar contribution to price impact does not
depend on either the existing trade flow imbalance or the size of the marginal trade.
The various solid lines show the cases of a sublinear model—with ~,, = 0.5—for
TF;_1; equal to 0 (black line), 1 (blue line), and 5 (red line). Consider first the
case with T'F;_1; = 0. In this case, a small marginal trade has a greater per-dollar
impact on prices than a large marginal trade. One intuition for this property is
that relatively sophisticated investors are seen as more likely to split their trades
into relatively small chunks (see, for example, Barclay and Warner| (1993))). Small
order flows therefore likely represent an increase in the activity of relatively informed
market participants, which contain a stronger signal for future prices, and hence a
proportionally higher price impact relative to the size of the trade. Conversely, large
order flows have a proportionately smaller price impact relative to the size of the
trade because they are more likely to be made by comparatively uninformed market
participants.

When the existing trade flow is non-zero, the plotted curve changes materially.
First, the curve is no longer symmetric. A marginal trade that goes in the opposite
direction to the existing trade flow imbalance has a larger per-dollar price impact
than a marginal trade that goes in the same direction as the existing trade flow
imbalance. The intuition is that a trade that goes against the current flow of the
market is perceived as being more likely to reflect some new information about the
direction of prices than one that goes with the flow. The largest per-dollar price
impact is for a marginal trade that exactly offsets the existing trade flow; the reason
that the per-dollar price impact starts to decrease as the magnitude of the marginal
trade increases beyond that point is that the marginal trade has the effect of flipping

the sign of the overall trade flow imbalance.
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Figure 2: Illustration of Nonlinearity in Trade Flow Imbalance

The figure provides a stylized illustration of how the per-dollar contribution of a marginal trade

varies with the size of the marginal trade. The horizontal axis represents z;—1,; and the vertical

G(thlﬂt’o)tfl,t
|3?L—1,t|

lines represent a sublinear model with 7, = 0.5, for three levels of TF;_1 . For this illustration

we set B, = 1.

axis represents . The dashed line represents a linear model with +,,, = 1 and the solid
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This feature of our model implies that the scaling of price impact with the size
of marginal trade and order flows is subject to uncertainty, in that it depends on
the imbalances of the market overall at the time the trade is executed or the order
is submitted. To illustrate this uncertainty, we compute the ratio between a trade
of $20 million and one of $10 million executed using market orders over a 1-minute
period. The first row of charts in Figure [3| show histograms of these ratios for all
possible 1-minute periods on two days: one, March 16, 2020, at the height of the
COVID-pandemic-related stresses, and the other, February 28, 2022, a more typical
day. The estimates of 7, on these two days were 0.62 and 0.75, respectively. As
a result of this sublinearity, in the majority of 1-minute periods of these days the
scaling was sublinear, with ratios below 2. However, there were notable proportions
of 1-minute period with ratios above 2, implying that market participants who
cannot forecast aggregate order flows accurately face greater costs of scaling up to
executing larger orders than those who can; a sophisticated market participant will
attempt to execute a marginal trade at times when order flow is already imbalanced
in the direction of the marginal trade. We will return to the remaining panels of
Figure 3] in Section [3.1}

While sublinearity encourages fast execution of large volumes if a market par-
ticipant wants to trade in the same direction as the net of other participants’ flows,
we cannot extrapolate the finding of sublinearity to an unlimited extent, beyond
the point where flows would be inconsistent with functional market dynamics. Mar-
ket participants’ ability to execute large orders quickly and with diminishing price
impact is constrained by the amount of quotes available at the best prices and
the willingness of market makers to replenish quotes quickly in response to incom-
ing orders. While trading through multiple levels of the CLOB may occur, it is a
rare event that is both costly to the market participant and may scare off liquidity
providers, hampering execution for some time. Market participants therefore oper-
ate predominantly in the region of trade flows that would not cause such localized

market dysfunction.
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2.3 Sublinearity and Interest Rate Volatility

We next turn to the relationship between the parameter estimates and interest rate
volatility. Figure [4] plots the daily estimates of the slope parameters from equation
in the left panel, and the exponent parameters in the right panel. In both panels,
the parameters are plotted against the MOVE index, which is a weighted average
of the volatilities implied by one-month options on Treasury securities with various
maturities, and which we source from Bloomberg. Each marker corresponds to
estimates for a single day. The dashed lines show fitted values from linear regressions
of the parameters on a constant and the MOVE index, estimated using ordinary least
squares (OLS). We highlight two key points: First, the estimated slope coefficients in
the left panel tend to increase with volatility, with the slopes of the regression lines
being positive and significantly different from zero at the 1 percent significance level.
This result is consistent with standard findings that liquidity conditions are inversely
related to volatility. Second, as shown in the right panel, the impact of trade and
non-marketable order flows on prices tends to shift from being generally sublinear
on average toward being closer to linear on average as volatility increases. The slope
coefficients implied by the dashed regression lines are again positive and significantly
different from zero at the 1 percent level. Conditional on the MOVE being above
100 basis points, the mean values of v, and -, are 0.95 and 0.96, respectively.
This finding that price impact becomes close to linear at relatively high levels of
volatility suggests that the perceived proportionally high information content of
relatively small order flow tends to diminish on high-volatility days. That could be
because during volatile periods fundamental economic drivers are overwhelmed by
noise trading due to portfolio re-balancing by investors seeking to control their risk

exposures.

3 Price Impact and Execution Strategy

In a framework that allows trade and non-marketable order imbalances to have

different and nonlinear effects on prices, there is not a single measure of price impact
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for the execution of a large parent order —it depends more realistically on the time
horizon for execution, how the parent order is split over time into child orders,
and to what extent it is executed aggressively using marketable orders or passively
using non-marketable orders. In this section, we explore how these dimensions affect
estimates of price impact. In Section (3.1, we explain how we estimate price impact
for parent orders: We set out our baseline strategy targeting VWAP and pursuing
aggressive execution over a trading day. In Section [3.2] we show that our baseline
estimates of price impact tend to increase with volatility, which extends previous
findings to show the nonlinearity in the relationship between volatility and price
impact. In Section [3.3] we analyze the effects of varying the execution strategy and

how these depend on volatility.

3.1 Baseline Execution Strategy

We estimate the price impact of a parent order of size £ dollars spread over day d,
04 (€), as the cumulative effect on returns over the day from the additional marginal
stream of trade flow {z;};_, and non-marketable order flow {y;}]_,, relative to the

scenario where no additional flows occurredﬁ Formally, this is given by

T
04 (€)= ][] (1 + NPI (w14, 51-14) — NPI(0,0)) — 1. (4)
t=1

Our baseline strategy considers the price impact of a purchase of $500 million—
equivalent to about 1.5 percent of median daily trade volumes over the period—
executed using marketable orders spread across one-minute periods through the
day, in proportion to the volume traded within each minute. In this baseline case,

Vi L.
we have zy_1; = & tle’t and w1+ = 0, where V;_1; and Vj are the existing trad-

8We recognize that some portion of price impact may prove to be transient: a transient price
impact framework described in [Bouchaud et al.| (2009) is an alternative to nonlinear price impact
in the sense that it may also reconcile long memory of trade flows with market efficiency. Such
transience may play a lesser role in our framework as we already allow for price impact to be
nonlinear in trade flow, with the impact of each new trade dependent on some history of past
market events. We assume that such a transient component of price impact (if any) is relatively
small and decays sufficiently slowly for its effect to be of secondary importance for calculations over
the timescales adopted in this paper.
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ing volumes between times ¢t — 1 and ¢, and in aggregate for day d, respectivelyﬂ
This splitting in child orders corresponds to an ideal VWAP algorithm, named so be-
cause it targets the volume-weighted average price over its execution horizon. While
a market participant would not in practice be able to forecast trading volumes per-
fectly, as discussed above, we can nevertheless think of the resulting measure of
price impact as being representative of the impact of aggregate trading, as well as
corresponding to a recognized execution benchmark.

Of course the choice of the $500 million parent order over the period of one
trading day is somewhat arbitrary, in that we could have picked a range of sizes that
are not outsized relative to aggregate daily volume. As discussed in Section [2.2] a
feature of a nonlinear model is that the scaling of price impact with trade size may
be different on each day. Thus, there may be a concern that the results we discuss
below are not robust to varying the trade size. However, it turns out that the scaling
becomes close to linear as the execution horizon lengthens to cover the active hours
of the entire trading day. This result means that our main conclusions are likely to be
robust to varying the size of the parent order. To demonstrate this point, the second
and third rows of Figure[3|show histograms of the same ratios as the first row, which
were discussed above, but for parent orders executed over all possible 10-minute
periods (the second row) and 30-minute periods (the third row). To keep the average
amount executed in each minute constant, the experiments for execution over 10
minutes and 30 minutes consider parent orders of $200 million and $100 million,
and of $600 million and $300 million, respectively. In all cases, execution is using
market orders following VWAP targeting. As the execution horizon lengthens the
ratios converge toward 2—even on these days with estimates of ~,, well below one,
implying that market participants can become increasingly confident that scaling
will be approximately linear as the execution horizon lengthens. It appears that
periods in which scaling is sublinear and superlinear roughly balance out, leaving

the overall scaling roughly linear. This result is consistent with those of |Bouchaud

“To simplify calculations, we do not account for the contribution of the marginal trades to
volumes, which is a reasonable approximation due to their relatively small size.
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et al. (2009), who demonstrate how the compensating effect of correlated trades
results in approximately linear price impact when it is aggregated over a sufficiently

large number of individual transactions.

3.2 Price Impact and Volatility

The upper panel of Figure 5| plots our resulting baseline measure of price impact on
the vertical axis against interest rate volatility on the horizontal axis. Each marker
corresponds to a single trading day. We measure interest rate volatility using end-
of-day observations of the MOVE index. Each black circle represents a single day
in the sample. A fitted linear relationship estimated by OLS is shown by the black
line. The slope is positive and statistically significantly greater than zero at the 5
percent significance level. This result that liquidity conditions are worse at times of
high volatility confirms previous findings by (Chordia et al. (2005a), among others;
intuitively, market intermediaries are less willing to provide liquidity when the risk
of large price moves is relatively high.

A potential concern with this analysis is that price impact and volatility are
jointly determined. As volatility increases, liquidity conditions deteriorate, as cap-
tured by an increase in price impact. However, the increase in the price impact of
a given trade may in turn result in prices becoming more volatile, resulting in a
feedback loop; such intuition is consistent with previous findings by |[Chordia et al.
(2005b) and |Chordia et al. (2005a) that measures of volatility and liquidity show
two-way Granger causality. Thus, the OLS estimate of the relationship between
volatility and price impact may be subject to an endogeneity bias. In an attempt
to guard against the potential endogeneity bias, Figure [5 also shows a (red dashed)
regression line estimated using the first lag of volatility to instrument for volatility.
The instrumental variables (IV) estimator of the slope is essentially the same as
the OLS estimate when using daily data and remains statistically significant at the
5 percent level. While lagging volatility by a single day may not be adequate to
guard against endogeneity bias due to persistence in volatility, when using monthly

averages of daily data, shown in the bottom panel, the IV estimate of the slope
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Figure 5: Price Impact and Volatility

The figure shows scatter plots of the MOVE index of Treasury market volatility (horizontal axes)
against estimated price impact (vertical axes). Each marker represents a single day between March
1, 2014 and March 31, 2023. The upper panel shows daily estimates and the lower panel shows
monthly averages. The lines report fitted values from a bivariate linear regression with a constant,
estimated by OLS (black and solid line) or IV (red and dashed line)
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remains close to the OLS estimate.

Another potential concern is that a linear relationship between volatility and
price impact may be mis-specified. Indeed, inspection of the scatter plots in Figure
suggests that price impact is more sensitive to volatility at higher levels of volatility
than at lower levels of volatility. In Section [4] we explicitly model this nonlinearity

in the volatility—price impact relationship.

3.3 Varying the Execution Strategy
3.3.1 Aggressive versus Passive Execution

Aggressive execution using marketable orders has the advantage of greater certainty
about the schedule and price of execution, allowing for completion over a shorter
time-frame, thereby reducing the risk that prices move due to news or activity of
other market participants between the time when the decision to trade is made
and the time when the trade is executed. But this lower risk comes at the cost
of crossing the spread and a potentially higher price impact due to marketable
orders being perceived by other market participants to contain greater information.
Passive execution, on the other hand, waits for the market to come to the execution
algorithm, thereby saving on execution costs. But it gives up some control over the
scheduling and, thus, also brings risks of prices shifting before orders are filled.

In practice, execution strategies may employ a mix of aggressive and passive exe-
cution, with a market participant’s risk tolerance and trading strategies determining
the specific mix, and the strategy may be amended as the execution progresses (for
example, the proportion of aggressive execution may be increased if execution falls
behind a desired schedule). For simplicity, we compare the price impact of the ex-
treme cases of 100 percent aggressive and 100 percent passive execution. Specifically,
we compare results for aggressive versus passive VWAP execution of $500 million
spread over one trading day. Formally, passive execution price impact is computed
using 41 = 0 and y;—14 = § % in equation . This estimate corresponds to

an ideal passive execution strategy where the algorithm manages to post child or-
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ders at the best quotes and there is sufficient demand for posted liquidity to enable
immediate execution. It does not account for the possibility that the price moves
away from posted order price and the subsequent response of the algorithm. For
example, suppose the initial bid-ask spread is from 99-01 to 99-02, the algorithm
posts a sell order at 99-02, and the market consequently moves to a bid-ask spread
of 99-00 to 99-01—that is, away from the sell order. Suppose also that the algorithm
responds by canceling the original sell order at 99-02, which is now at the second
level of the order book, and places a replacement order at the new top of the book,
that is, at at 99-01. Our approach implicitly assumes that the cancellation and new
quote would have exactly offsetting impacts on prices.

Table [I] reports the correlation between the time series of price impacts cor-
responding to various execution strategies. The correlation between price impact
using aggressive and passive VWAP execution (models A and B, respectively) is
high, at 0.979. That said, there is a fairly systematic difference in the levels of the
estimates under aggressive and passive execution, which is illustrated by Figure [6]
The left panel shows a histogram of the difference in basis points between the price
impacts under aggressive and passive execution. On the large majority of days,
aggressive execution has greater price impact to compensate for the uncertainty of
the execution schedule associated with passive execution, as shown by the fact that
the large majority of the mass of the histogram falls to the right of zero. To shed
some light on what drives the difference between aggressive and passive execution,
the right panel shows how interest rate volatility measured by the MOVE index is
associated with a greater difference. At relatively low levels of volatility, there is
a relatively weak relationship between volatility and the price impact differential
of aggressive relative to passive execution on that day. However, at relatively high
values of volatility, there are more days in which the price impact of aggressive
execution notably exceeds that of passive execution. We venture two possible expla-
nations: First, greater immediacy and certainty delivered by aggressive execution
is particularly valuable in more volatile markets. And second, volatility may better

hide the information content of non-marketable flow, while the impact of trades is
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Table 1: Correlations between Estimates of Price Impact

The table reports correlations between price impacts from following various execution strategies
for the parent order of selling $500 million over a trading day. The sample cover the period from
March 1, 2014 to March 31, 2023. The column headed “Execution” refers to whether execution is
by VWAP or TWAP, and “Agg./Pass.” refers to whether execution is aggressive (A) or passive

(P).

Execution  Agg./Pass. Correlation
A B C D
A VWAP A 1 0.979 0.972 0.979
B VWAP P 0.979 1 0.962  0.997
C TWAP A 0.973  0.967 1 0.973
D TWAP P 0.979 0.997 0.973 1

Sources: Repo Inter Dealer Broker Community; authors’ calculations.

more mechanical.

3.3.2 Splitting Order Execution over Time

In this section, we consider whether price impact is different for a relatively unso-
phisticated investor that is unable to execute trades using something approximating
a VWAP strategy. As an illustration, we consider a TWAP strategy, which does
not require forecasting of aggregate trade or order flow because the amount that
is executed in each time interval is simply %; in this section, we assume that ex-
ecution is 100 percent aggressive. Table [I] reports that price impacts from TWAP
execution (models C and D in the table) are highly positively correlated with those
under VWAP execution (models A and B), with the lowest correlation being above
0.96. The left panel of Figure [7] shows a histogram of the difference between price
impact under TWAP and VWAP execution. The difference is positive on the large
majority, 83 percent, of days, meaning that VWAP execution generally achieves a
lower price impact, as we would expect. However, VWAP execution does not al-
ways out-perform TWAP execution, as there is a small number of days on which
the latter achieves a lower price impact. The right panel shows a scatter plot of
the difference between price impact under VWAP and TWAP plotted against the
MOVE volatility index. It shows that the advantage of VWAP generally appears
to lessen as volatility increases. This is perhaps surprising, in that it implies that

the more sophisticated execution strategy actually has less of an advantage at times
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of market stress. The reason is that on days with very low volatility there are a
relatively large number of 1-minute period with zero trades. As discussed above,
when net trade flow is zero, the price impact of a marginal trade is at its highest.
Unreported results show that if we drop periods with zero trades from consideration,

TWAP does not perform as badly on low-volatility days.

4 Price Impact, Sensitivity to Volatility, and Market
Depth

In this section, we examine how price impact and its sensitivity to volatility varies
with market depth. In Section we show that our baseline estimate price impact
is negatively correlated with market depth contemporaneously but that price impact
can have notably different time-series dynamics than market depth. In Section
we present a Hidden Markov Model (HMM) relating price impact to depth; the
results of the model suggest that times of low depth are associated with a greater

risk of increases in price impact and its sensitivity to volatility in future.

4.1 Price Impact and Market Depth

Figure [§] shows daily time series of price impact and market depth. We compute
depth as the time-weighted mean of the total posted quantities at the best bid and
ask prices between 7 a.m. and 4.45 p.m. The upper two panels show the same price
impact estimates but using different vertical axis scales, while the lower panel shows
market depth. The sample correlation between price impact and market depth is
fairly negative, at -0.75, which is intuitive because falling depth and rising price
impact are both associated with a deterioration in liquidity conditions. The period
following the onset of the COVID-19 pandemic in March 2020 stands out as seeing by
far the highest values of price impact, as well as the largest decline in depth. There
were also notable spikes in price impact coinciding with other days of local troughs
in depth identified by Aronovich et al. (2021)), as indicated by the vertical dashed

lines: the Treasury market “flash crash” of October 15, 2014, where prices moved
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sharply before reversing quickly; the U.K. “Brexit” referendum on June 24, 2016;
the sharp spike in the VIX index of equity market volatility on February 6, 2018; the
onset of concerns among financial market investors about the global growth outlook
on August 2, 2019; a sharp worsening in the market strains associated with the
COVID-19 pandemic on March 9, 2021; and the flash event of February 25, 2021.
In addition, we pick out the Monday following the closure of Silicon Valley Bank,
that is, March 13, 2023. There were also less sharp increases in price impact and
declines in depth around early 2015 and late 2016, which were likely associated with
spillovers from stresses in European sovereign debt markets and the notable increase
in yields following U.S. elections, respectively. And depth has declined and price
impact has risen notably since late 2021, which market commentary has linked to
high interest rate volatility associated with uncertainty about the economic outlook.

Although peaks in price impact tend to coincide with troughs in depth, price
impact and depth appear to have substantially different time-series dynamics. For
example, the sample autocorrelation functions in Figure [9] show that depth is sub-
stantially more persistent than price impact. We also observe substantial differ-
ences between the dynamics of market depth and price impact following the onset
of episodes of market stress. Figure [10] shows depth and price impact from 10 days
before to 15 days after the seven events highlighted in Figure |8 To facilitate com-
parison across episodes, we normalize all variables to have the value of unity at
the beginning of the event window. Depth recovered relative quickly following the
Brexit referendum on June 24, 2016, and the VIX spike on February 6, 2018, al-
though it still took 2 or 3 weeks before depth had retraced the large majority of the
initial decline. In comparison, the recoveries following the flash crash of October
15, 2014, the August 2, 2019 global growth concerns, the February 25, 2021 flash
event, and onset of the March 2023 banking-sector stresses were slower. And the
recovery following the most severe episode of market dysfunction, the onset of the
COVID-19 pandemic in March 2020 took substantially longer still. Price impact
rose immediately at the onset of all episodes. In some episodes, price impact fell

back relatively rapidly compared with the slower recovery of depth; this observation
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Figure 8: Price Impact and Market Depth

The charts show times series of price impact (upper and center panels) and market depth (lower
panel) for the 10-year Treasury Note. The upper and center panels plot the same estimates but
using different y-axis scales. The vertical dashed lines correspond to: (a) October 15, 2014; (b)
June 24, 2016; (c) February 6, 2018; (d) August 2, 2019; (e) March 9, 2020; (f) February 25, 2021;
and (g) March 10, 2023.
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is consistent with Aronovich et al. (2021)), who show that bid-ask spreads tend to
recover substantially faster than market depth following these episodes. A plausible
explanation for this is that market participants rapidly adjusted to lower depth by
trading in smaller sizes to allow quotes on the order book to be replenished. In
other cases—most notably March 2020 and March 2023—the peak of price impact
did not come until several days after the trough in depth, suggesting that the low
level of depth may increase the risk of a spike in price impact.

Figure 9: Autocorrelation Functions of Price Impact and Market Depth

The bars show the sample autocorrelations of market depth and our baseline estimate of price
impact from March 1, 2014 to March 31, 2023 at various lags.
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Sources: Repo Inter Dealer Broker Community; authors’ calculations.

These results raise questions of how market depth and price impact are related,
and whether it matters that depth remains low after a stress event even though price
impact has returned to more normal levels. Given market participants’ unwilling-
ness to trade through multiple levels of the book, as noted in [Hautsch and Huang
(2012a), a decrease in top-of-the-book depth causes optimal execution to prescribe
splitting the parent order into smaller child orders. Hypothetically, market makers
may replenish the order book sufficiently rapidly to result in either no or moderate
increase in the price impact of execution; the point that prompt order-book replen-
ishment matters for the cost of trading has been made previously by |Dobrev and
Meldrum)| (2020) and Aronovich et al.| (2021). The immediate reduction in depth
following a market stress event is often associated with a pull-back in high-speed

liquidity provision, but this liquidity provision returns faster than the willingness
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Figure 10: Price Impact and Market Depth following Episodes of Known
Liquidity Strains

The charts show market depth and price impact from 10 days before until 15 days after various

episodes of known liquidity strains. All series are normalized to have value one 10 days before the

event.
Mar ket Depth
T | T T 2
: — Cct. 2014 .......... June 2016
B Feb. 2018 . Aug. 2019 |1 g
L Mar. 2020 Feb. 2021
: — — —Mar. 2023
................. O P USSP PP PR PSS SUUURPPRUPR I
et e g 40.5
. i S S S 0
-10 -5 10 15

0 5
Days after event
Price Inmpact (Events O her than March 2020)

T T T

0 5
Days after event
Price Inpact (March 2020)

12

0 5
Days after event

Sources: Repo Inter Dealer Broker Community; authors’ calculations.

30



of market participants to quote in large size; hence, depth remains low but price
impact falls back.

One potential interpretation of these results is that depth is not a meaningful
indicator of liquidity conditions, because high-speed liquidity replenishment means
that trading costs can be kept low even though most of the willingness of market
participants’ to provide liquidity remains hidden. However, a conjecture broadly in
line with Raman et al.|(2014)) and Board of Governors of the Federal Reserve System
(2020) is that greater dependence on sophisticated quoting and execution algorithms
in such circumstances may nevertheless make liquidity more fragile, meaning that
low depth makes it more likely that price impact could increase again if there is a
further pull-back in high-speed liquidity provision—perhaps because high-frequency
trading firms may be inclined to scale back their activity if some other stress event
hits or because elevated trading volumes will overwhelm the speed of quote replen-
ishment. Indeed, as mentioned above, some of the spikes in price impact following
the events discussed above did not come until after sometime following the initial
trough in depth. We therefore next study more systematically whether the low level
of depth is associated with liquidity becoming more fragile, meaning an elevated

risk of price impact rising.

4.2 Hidden Markov Model

Our analysis is based on an HMM. The model relates price impact to interest rate
volatility according to

9d = ,BZMOVEd + Gi,d; (5)

where MOV E; is the MOVE index of interest rate volatility; and ¢; 4 ~ N(0, af)
for three latent liquidity states ¢ = 1,2,3. This specification is motivated by the
analysis in Section [3] which demonstrates that price impact is positively related to
interest rate volatility and that price impact may become more sensitive to volatility
as volatility increases. We label the states such that the slope coefficients decrease

with the state index in the measurement equation ; thus, state 1 is a “low-
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liquidity” state in which price impact is most sensitive to volatility, state 2 is a
“medium-liquidity” state, and state 3 is a “high-liquidity” Statem

We consider two versions of the HMM. The first, Model I, has constant prob-
abilities of transitioning between the states. The parameterization of the model
ensures that the conditional probabilities of transitioning to the 3 states add to
one. The second, Model II, further allows market depth to affect the transition
probabilities. In this case, we model the transition probabilities using the multi-
nomial logistic specification of [Visser and Speekenbrink (2010) and Zucchini and
MacDonald| (2009). Specifically, let s; denote the liquidity state on day d. Then,
the time-varying probability of transitioning between states is

exp (0 j + i j2d)

p‘7 Avd = Y 6
PP 4 Y 3 exp (Gik + YikZa) (©)

where p; ; 4, with j # 2, denotes the day-d probability that s;;1 = j conditional
on sq = 1, and z4 is market depth on day d. To ensure that probabilities add up
(over j) to one, the probabilities of transitions to “medium-liquidity” state 2 must

be parameterized as

1
L+ 1 3€xp (i + Vik2a)

(7)

Di2,d =

As a consequence of this normalization, there are no parameter estimates for J; »
and ;2. We estimate the model by maximum likelihood, using the functionality

provided by |Visser and Speekenbrink| (2010).

4.3 Results from the HMM

Table [2] reports parameter estimates of the two HMMs. Considering first the mea-
surement equation of the models reported in Panel A, the main results are robust
across specifications. The slope coefficients on the MOVE index are all positive and

highly significant, meaning that higher volatility is associated with greater price

0Bayesian and Akaike information criteria favor models with three states to models with two
states.

32



impact in all states. Moreover, the differences between MOVE coefficients among
states are also large and significant, in line with the hypothesis that price impact is
more sensitive to volatility when liquidity is low. In other words, changes in volatil-
ity by itself, without variation in the sensitivity of price impact to volatility, are
insufficient to adequately explain the variation in price impact.

We next turn to the transition equations of the models, reported in Panel B.
Consider first Model I. If today’s state is state 1 (the low-liquidity state), there is
a probability of about three fourths of remaining in that state tomorrow, a proba-
bility of about one fourth of transitioning to state 2 (the medium-liquidity state),
and negligible probability of transitioning to state 3 (the high-liquidity state). If
today’s state is the medium- or high-liquidity states, there are higher probabilities
of remaining in the same state tomorrow, and only small probabilities of changing
state.

Now consider Model II, in which market depth affects the transition probabilities.
The estimates of 71,1, 72,1, and 731 are all negative and statistically significant at
the 5 percent level. This result means that as depth decreases the probability of
transitioning to the low-liquidity state 1 increases, which makes intuitive sense. It is
less clear-cut whether an increase in depth increases the probability of transitioning
to the high-liquidity state. The estimates of 71 3 and 3 3 are both positive, meaning
that as depth increases the probability of transitioning to the high-liquidity state
3 increases. That said, the estimate of v 3 is not statistically significant, possibly
because of the number of transitions direct from the low- to high- liquidity states is
small, so there is little information in the data to estimate this parameter precisely.
The fact that the estimate of v 3 is negative is less intuitive, although it is also not
statistically significant.

To further illustrate the effect of depth on the transition probabilities, Figure
shows the transition probabilities conditional on various levels of depth, as implied
by Model II. As depth decreases, the probability of transitioning to state 1 (the low-
liquidity state) increases. For example, when depth is $10 million, the probability of

transitioning to state 1 is above 0.8 regardless of the current state; and, in contrast,
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Table 2: HMM Parameter Estimates

The table reports parameter estimates for HMMs using data on price impact, volatility, and, where
relevant, market depth for the period from March 1, 2014 to March 31, 2023. Model I includes no
explanatory variables in the transition equation and Model II includes market depth. Numbers in
brackets indicate standard errors based on the Hessian. A *, ** or *** indicates two-sided p-values
of less than 0.1, 0.05, and 0.10, respectively.

Model 1 Model IT
A: Measurement Equation
B1 0.215%** 51 0.210%**

(0.015) (0.001)
Ba 0.130%%% By 0.131%%*
(0.001) (0.001)
Bs 0.080%%% By 0.089%**
(0.001) (0.001)
o1 12176%FF gy 11507
(1.037) (0.845)
oo LO16*** gy L7LIFF*
(0.082) (0.062)
o3 LO12¥%% g3 1,002%%*
(0.025) (0.025)

B: Transition Equation
D11 0.734%F% 5y 11.554%%*

(0.068) (4.931)
P1,1 0.258 61,3 -82.429
- (200.763)
P1,3 0.007*** 1,1 -0.413**
(0.012) (0.179)
p2,1 0.027%%F 43 1.405
(0.007) (3.408)
p2,2 0.930 02,1 3.892%**
- (1.186)
p2,3 0.043*** 62,3 -1.634%**
(0.009) (0.558)
P3,1 0.002 y2,1  -0.144%**
(0.028) (0.031)
D3,2 0.028 2,3 -0.013
- (0.008)
03,3 0.970%** 03,1 2.075
(0.006) (2.269)
63,3 -3.176%***
(0.936)
3,1 -0.057
(0.038)
73,3 0.070%**
(0.012)

Sources: Repo Inter Dealer Broker Community; Bloomberg Finance LP, Bloomberg Per Security
Data License; authors’ calculations.
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when depth is $120 million, these probabilities decrease to essentially zero.

Figure shows the estimated smoothed probabilities of being in each latent
liquidity state at each point in time, as implied by Model II, and computed using
an algorithm from Visser and Speekenbrink (2010). The lower panel plots scaled
price impact. The estimated state probabilities make intuitive sense, with higher
probabilities of being in a low-liquidity state generally being higher at times of spikes
in price impact. Until around late 2019 or early 2020, the probability of being in
the high-liquidity state 3 was generally very high, with just a handful of episodes
of being in the medium-liquidity state. These episodes generally coincided with
moderate increases in price impact. Since 2020, however, the medium-liquidity state
has shifted to being the predominant state, with the high-liquidity state becoming
relatively rare and the low-liquidity state becoming much more common. The two
most notable periods of low-liquidity in the sample appear to be associated with
the COVID-related market turmoil in early 2020 and the low liquidity as economic

uncertainty rose toward the end of the sample.

5 Conclusion

In this paper, we studied the relationship between volatility and liquidity in the mar-
ket for on-the-run Treasury securities. Our analysis was based on a novel framework
for quantifying price impact that allows trade flow imbalance and non-marketable
order flow imbalance to have different and nonlinear effects on prices. We showed
that the effect of flows on prices is generally sublinear, implying that marginal trades
that go with the existing flow will have smaller price impact than trades that go
against the existing flow. However, this sublinearity tends to diminish at times of
high volatility, suggesting that the perceived relatively high information content of
going against the flow lessens at times of high volatility.

We next examined the price impact felt by market participants seeking to execute
a large trade over the course of a trading day. This price impact is negatively related

to volatility, confirming previous results. However, we show that market participants
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Figure 11: HMM Transition Matrix

The figure shows the transition probability matrices from the HMM conditional on various levels
of market depth, as implied by Model II. The levels of market depth are $10 million, $30 million,
$60 million, and $120 million. In each case, the matrix shows the probabilities of transitioning
from the states on the vertical axis to the states on the horizontal axis. Darker shading highlights

higher probabilities.

Depth: 10 Depth: 30

<l 0.806 {079 <l 0.519 | 0.358 | 0.184
72 0.90 72l 0.368 | 0.558
1.

0.999 i 0.301 0.699

1 2 3 1 2 3
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3.
5.
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Sources: Repo Inter Dealer Broker Community; Bloomberg Finance LP, Bloomberg Per Security

Data License; authors’ calculations.
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Figure 12: HMM-Implied Probabilities of Being in Each State

The upper panel shows the estimated probabilities of being in each state, as implied by Model
II. The green, yellow, and red areas indicate the probabilities of being in the high-, medium,
and low-liquidity states, respectively. The lower panel shows a time series of price impact. The
vertical dashed lines in the lower panel correspond to: (a) October 15, 2014; (b) June 24, 2016; (c)
February 6, 2018; (d) August 2, 2019; (e) March 9, 2020; (f) February 25, 2021; and (g) March 13,
2023.
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Data License; authors’ calculations.
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executing trades aggressively using market orders will experience larger increases in
price impact than those executing trades passively using limit orders as volatility
increases.

We finally examined how price impact and its sensitivity to volatility behave
over time. For this purpose, we constructed a Hidden Markov Model that relates
price impact to volatility in three latent states corresponding to varying liquidity
conditions. Unlike in previous studies using such models to analyze liquidity, we
allowed observable variables to affect the transition probabilities. We showed that
times of low market depth are associated with an increased probability of low lig-
uidity states in future. This could reflect a more severe degree of liquidity fragility
associated with greater reliance on high-speed quote replenishment when depth is

relatively low.
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